Kamitugaite is a rare supergene uranyl phosphate of aluminum and lead occurring at the Kobokobo pegmatite in the Sud-Kivu Province, Democratic Republic of Congo; its structure has remained unknown until now. Based on single--crystal X-ray diffraction data carried out on the type specimen of kamitugaite (no. 13986, Royal Museum for Central Africa, Tervuren), it is triclinic, space group P-1, with a = 9.0296(8), b = 10.9557(8), c = 15.8249(15) Å, α = 89.585(7)°, β = 85.349(8)°, γ = 84.251(7)°, V = 1552.5(2) Å3 and Z = 2. The structure was refined from diffraction data to R = 0.1074 for 2697 unique observed reflections. The structure of kamitugaite is based upon infinite sheets of uranyl and phosphate polyhedra, stacked perpendicular to c; these sheets result from edge-sharing of UO 7 and UO 8 bipyramids, forming chains approximately parallel to b, which are linked by (P,As)O 4 tetrahedra. Such a sheet has not been observed in minerals or synthetic compounds and is related to the phosphuranylite topology; the ring symbol is 6 
Introduction
Uranyl phosphates and arsenates are environmentally important minerals resulting from hydration-oxidation weathering of primary U minerals, mainly uraninite. They are common constituents of the oxidized parts of U deposits worldwide (Finch and Murakami 1999; Krivovichev and Plášil 2013) . Generally, due to their low solubility products, they often occur in the very leached parts of the deposit, i.e., on outcrops, thus being an important control of U mobility (see, e.g., Göb et al. 2013) .
The Kobokobo pegmatite in the Sud-Kivu Province (western Democratic Republic of Congo, Africa) (Safiannikoff and Van Wambeke 1967; Van Wambeke 1987) is one of the most interesting mineralogical localities in the World, largely due to occurrences of rare uranium and thorium phosphates within the U-bearing quartzalbite-muscovite pegmatite. This pegmatite is a typelocality for twelve actinide-bearing phosphates, most of which contain Al (Tab. 1). Although several crystalstructure studies have been conducted, structures of many of the Kobokobo type minerals remain unknown. Results of a study on the particularly interesting structure of kamitugaite are presented in this paper.
2017).
A spherical absorption correction combined with empirical scaling was applied in Jana2006 (Petříček et al. 2014 ).
Structure solution and refinement
The structure was solved by the charge-flipping algorithm in SHELXT (Sheldrick 2015) . The structure subsequently was refined by the full-matrix least-squares with the Jana2006 program (Petříček et al. 2014 ) based on F 2 . Atoms that were not found by the initial solution were later located by difference-Fourier syntheses. Uranium, P, As, Al and Pb atoms, were refined with anisotropic atomic displacement parameters (ADP). Hydrogen atoms could not be located.
Careful inspection of the diffraction frames revealed the presence of additional reflections that result from the split crystal; therefore, it was treated as a twin in the refinement. Metrics of the kamitugaite cell suggest that it could be a twin by reticular merohedry; twin operation by the matrix (-1 0 7; -1 0 0; 0 -1 0); however, the twin fraction obtained from the refinement was very low (~0.007) with no impact on refinement. Final cycles converged to R = 0.1074 and wR = 0.2539 for 2697 observed reflections with goodness of fit (GOF) of 1.81 (Tab. 1). The relatively low quality of the refinement is mainly due to poorly fitted absorption effects. Several O atoms (O1, O2, O7, O8) within the sheet were restrained to have the same displacement parameters, because of the tendency of some of them Deliens and Piret (1985a) to have non-positive definite atomic displacement parameters (most probably due to poor absorption correction). Details of the data collection and miscellaneous crystallographic and structure refinement parameters are listed in Tab. 1. Final atom coordinates and displacement parameters are given in Tabs 2 and 3. Bond-valence sums were calculated by the DIST option in Jana2006 using the parameters given by Burns et al. (1997) and Gagné and Hawthorne (2015) . Selected bond distances are given in Tab. 4. The CIF file, also containing a block with the reflections, is deposited at the Journal's webpage www.jgeosci.org.
Results -crystal structure
There are five U, three P/As, one Pb, one Al and thirty-eight O sites in the structure of kamitugaite. There are four U sites (U1 to U4), occupied by U 6+ and coordinated by seven ligands, and a single U5 site, coordinated by eight ligands in a hexagonal bipyramid. Three tetrahedrally coordinated cation sites are filled dominantly by P 5+ . However, one site (As1/P1) was found to be occupied predominantly by As 5+ over P 5+ . Interlayer cations, Al 3+ and Pb 2+ , are coordinated by six and nine ligands, respectively.
The UO 7 pentagonal bipyramids form dimers by edge-sharing, which in turn share edges with UO 8 hexagonal bipyramids resulting in fragments (Fig. 2) of the well-known phosphuranylite topology (Burns 2005) . In kamitugaite, however, these fragments are linked by edge-sharing of two UO 7 bipyramids, resulting in infinite chains along [010] (Fig. 3) . The O sites shared by two bipyramids are OH groups (Tab. 3). Adjacent chains of U-polyhedra are connected through corner-sharing (As1/ P1) and edge-sharing (P2, P3) tetrahedra, yielding a
5-sheet parallel to {001} (Fig. 3 ). There are two different intersheet regions in kamitugaite structure, one at z ~ 0 and second at z ~ 0.5. These two intersheet regions accommodate cations with very different stereochemistries. The first complex involves octahedrally coordinated Al 3+ site, in the form of a regular octahedron, by the two O atoms from the P2 and P3 tetrahedra (within the same sheet) and four H 2 O groups. The second intersheet region features a Pb 2+ cation surrounded by nine ligands (Tab. 5), including four O Uranyl atoms from adjacent sheets and five H 2 O groups (two of them occupy symmetrically related O38 sites). The slight asymmetry of the Pb 2+ coordination environment suggests that the 6s 2 lone-electron pair can be stereoactive in kamitugaite. There are additional four independent O sites (O25, O32, O31 and a half-occupied O35) in both intersheet regions occupied by H 2 O that are not linked directly to any metal cation. To sum up, adjacent structure 
Discussion and conclusions

Sheet topology
The uranyl-phosphate sheet found in kamitugaite represents a novel topological type with some similarities to phosphuranylite anion topology. The basic module within the sheet is the phosphuranylite-like (UO 8 )(UO 7 ) 4 (TO 4 ) 2 module. However, in kamitugaite there is an additional T-site linking adjacent uranyl-phosphate chains together by sharing all vertices. The proportion U:T in kamitugaite is 5 : 3 while in phosphuranylite it is 3 : 2 (within the sheet). This results in the sheet composed of triangles, squares, pentagons and hexagons (TrSqPtHx sheet) of the new topology that has not been observed either in minerals or synthetic compounds (Burns 2005; Lussier et al. 2016) ; the sheet is characterized by the ring symbol 6 1 5 4 4 3 3 4 ( Fig. 4 ; following Krivovichev 2009). Both P2 and P3 tetrahedra share three of their vertices with the U-P chains, leaving the third vertex not linked within the sheet (Fig. 3) . This may result in the possibility of orientational stereoisomerism within the sheet (Krivovichev 2009 (Krivovichev , 2010 . Although, in kamitugaite the vertices are not free since they are linked to the Al site.
A comparison with the original description
The unit cell reported in the original paper by Deliens and Piret (1984) describing kamitugaite as a new mineral is very similar to that found by the current single-crystal X-ray study; the only difference is in the unit cell setunits are linked either by Pb-O bonds (+hydrogen bonds), or through hydrogen bond only (in case of intersheet region with Al) (Fig. 4) . The structural formula of kamitugaite obtained from the results of the structure refinement is Pb( ting. The chemical composition given in the original description differs in the total amount of H 2 O, giving 14 H 2 O (= 9.5 H 2 O + 9 OH); however, H 2 O content was not determined directly, but by difference. The current structure study reliably indicates 11.5 H 2 O + 2 OH in total (including one half-occupied H 2 O site). Notably, kamitugaite was described as an As-containing Piret 1984, 1985b) species. As indicated by the current structure study, As is predominant at one of the tetrahedral sites only (As1 site; with the mean bond length of 1.66 Å). Based on the site-scattering refinement, the As content is equal to 0.64 As pfu, which is even higher than reported in the original paper.
The occurrence of kamitugaite
Kamitugaite has been reliably confirmed only from the type locality, the Kobokobo pegmatite. At Kobokobo, kamitugaite is one of the two minerals that contain essential Pb, the other being dumontite, Pb 2 (UO 2 ) 3 (PO 4 ) 2 (OH) 4 ·3H 2 O. The unique combination of elements in kamitugaite most probably contributes to its scarcity; no other known mineral contains essential Pb, Al and U, let alone P and As. The source of the Pb is unknown; no primary Pb-bearing minerals have been observed in the Kobokobo pegmatite. Most likely radiogenic lead, otherwise rather immobile, was mobilized from weathered uraninite by alteration solutions. . Uranyl phosphatearsenate sheets alternate two types of intersheet region: those occupied by Pb 2+ cation (in plum color, balland-stick model) and molecular H 2 O, and those occupied by Al 3+ -octahedra (cyan) and a molecular H 2 O. Water molecules that are not linked directly to metal cations are labeled. Other colors follow the scheme from Fig. 3 . Unit-cell edges outlined by black lines.
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